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HIGHLIGHTS 


►  Nano-sized  LiMnP04  was  synthesized  via  mild  solvothermal  method. 

►  A  favorable  configuration  with  LiMnP04  particles  embedded  in  carbon  was  formed. 

►  The  composite  displayed  a  specific  capacity  of  over  130  mAh  g  1  at  0.1  C. 

►  The  lithium  diffusion  constants  were  estimated  by  EIS  measurements. 
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Nano-sized  lithium  manganese  phosphate  (LiMnP04)  is  successfully  prepared  using  a  mild  solvothermal 
method  in  ethylene  glycol  solvent.  The  particle  size,  observed  by  Scanning  Electron  Microscopy  (SEM),  is 
approximately  100  nm  using  CeHsCOOLi  as  the  starting  material.  Further  TEM  characterization  reveals 
that  the  decomposition  of  benzoyloxy  in  this  lithium  salt  leads  to  a  favorable  configuration,  with 
LiMnP04  particles  embedded  in  carbon  and  a  distinct  in  situ  carbon  layer  formed  even  on  partial 
particles.  Using  subsequent  heat-treatment  with  a  certain  amount  of  sucrose,  LiMnP04/C  composites  that 
display  a  good  two-phase  plateau  during  the  discharge  process  can  be  formed,  with  a  specific  capacity 
over  130  mAh  g-1  at  0.1  C. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Olivine-structured  lithium  transition-metal  phosphate  has 
attracted  broad  attention  as  a  potential  Li-ion  battery  cathode 
material  to  replace  transition  metal  oxide-based  materials  such  as 
LiCo02  [1,2].  This  family  of  phosphate  compounds  has  a  three- 
dimensional  framework  stabilized  by  strong  covalent  bonds 
between  oxygen  ions  and  P5+,  resulting  in  P043-  tetrahedral  poly¬ 
anions  [3-5].  These  lithium  transition-metal  phosphate  materials 
show  better  reversible  capacity  and  higher  stability  without  struc¬ 
tural  rearrangement  during  lithiation  and  de-lithiation  [5-7]. 
LiMP04  is  therefore  the  best  choice  for  use  in  a  number  of  applica¬ 
tions  including  Electric  Vehicle  and  Hybrid-Electric  Vehicle  [8-10]. 
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Lithium  manganese  phosphate  (LiMnPCU)  has  a  higher  redox 
voltage  plateau  of  4.1  V  for  Mn2+/Mn3+  versus  Li+/Li,  indicating  its 
higher  energy  density  [11,12].  However,  its  intrinsic  low  electronic 
and  ionic  conductivity  limits  its  electrochemical  behavior  [13,14]. 
Some  research  groups  have  suggested  that  the  extraction  of  Li+ 
from  LiMnPCH  is  negligible  [15-17].  To  improve  the  performance  of 
LiMnP04,  several  methods  have  focused  on  decreasing  the  particle 
size  and  carbon  coating.  Among  these,  hydrothermal/solvothermal 
methods  have  been  employed  to  control  the  morphology  and 
texture  of  the  material.  G.  S.  Li  revealed  that  one-dimensional 
rods  of  LiMnPCH  could  be  obtained  through  inhibition  of  CO32- 
via  hydrothermal/solvothermal  process  [18].  Y.  T.  Qian  prepared 
nanosquare  LiMnP04  with  an  edge  size  of  800-1000  nm  and 
a  thickness  of  50-250  nm  using  a  hydrothermal  process  with 
Na4P2O7  -10H2O  as  starting  material.  The  initial  discharge  capacity 
was  125.5  mAh  g-1  at  0.1  C  and  maintained  86.7%  of  its  initial 
capacity  after  50  cycles  [19].  D.  Rangappa  reported  the  preparation 
of  nanocrystalline  LiMnPC^  under  supercritical  fluid  conditions 
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[20].  Here,  nano-sized  LiMnP04  is  successfully  prepared  with  some 
new  organic  lithium  salt  as  starting  material  and  EG  as  the  medium 
using  a  mild  solvothermal  process.  The  typical  particle  size  is 
approximately  100-200  nm,  and  these  particles  are  dispersed  well. 
Moreover,  there’s  no  doubt  that  in  situ  carbon  coating  in  solution  is 
the  most  effective  way  to  improve  the  electronic  conductivity  for  its 
well  distributed.  H.  S.  Zhou  et  al.  employed  in  situ  polymerization 
method  in  the  precipitation  process  to  prepare  LiFeP04/C  nano¬ 
composite  with  core— shell  structure  and  it  showed  excellent 
electrochemical  behavior  [21].  Some  groups  have  prepared  UMPO4 
(M  =  Mn,  Fe,  Co)  particles  coated  with  an  in  situ  carbon  layer 
generated  from  decomposition  of  high  concentrations  of  glucose  in 
the  hydrothermal  precursor  solution  [22,23].  And  the  electro¬ 
chemical  behavior  of  in  situ  carbon  coating  samples  was  better  than 
that  of  mixed  coating.  Here  in  our  work,  in  situ  coating  carbon 
could  also  be  obtained  by  decomposition  of  the  organic  group  in 
the  lithium  salt  during  the  solvothermal  treatment.  With  subse¬ 
quent  heat-treatment  with  sucrose,  the  LiMnP04/C  composite 
displayed  a  discharge  capacity  of  130  mAh  g-1  at  0.1  C.  Hence,  we 
suggest  that  further  research  may  lead  to  an  excellent  cathode 
candidate  for  lithium  ion  batteries. 

2.  Experimental 

2.1  Synthesis  of  materials 

We  used  common  organic  lithium  salts  as  the  starting  material, 
and  all  chemicals  were  used  without  pretreatment  or  purification. 
C6H5COOLi  (Lithium  benzoate),  CH3COOLi  (lithium  acetate),  and 
C5H7Li02  (2,4-pentanedionato  lithium)  were  used  as  lithium  salts. 
MnS04-2H20,  NH4H2P04,  and  citric  acid  were  all  dissolved  in  EG 
(ethylene  glycol)  with  stirring  to  give  Li:Mn:P  equal  to  3:1:1. 
NH3H20  was  used  to  adjust  the  pH  to  10,  and  the  mixture  was 
transferred  to  a  50-ml  Teflon-lined  reactor  tightly  sealed  inside  a 
stainless  steel  reactor.  After  treatment  at  250  °C  or  270  °C  for  12- 
15  h,  the  precipitate  was  filtered  and  washed  several  times  with 
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deionized  water  and  ethanol.  To  improve  conductivity  and  crystal¬ 
lization,  LiMnP04  was  mixed  with  sucrose  and  annealed  at  550  °C  for 
3  h  in  an  Ar  atmosphere  containing  5%  H2. 

2.2.  Characterization 

X-ray  diffraction  (XRD)  measurements  were  carried  out  on 
a  Bruker  D8  Advance  X-ray  diffractometer  using  a  Cu  I<a  radiation 
source  (A  =  1.5406  A)  with  a  step  size  of  4°  min-1  from  10  to  80°. 
The  powder  morphology  was  observed  using  a  scanning  electron 
microscope  (SEM,  JEOL  JSM-6390)  and  transmission  electron 
microscope  (TEM,  CM200FEG).  Inductively  coupled  plasma 
(ICP,  Thermo  E.IRISDuo)  and  atomic  absorption  spectroscopy  (AAS, 
Z-5000)  were  used  to  analyze  the  Li,  Fe,  and  P  content  of  all  the 
samples.  The  carbon  content  in  the  LiMnP04/C  composite  was 
measured  using  a  carbon— sulfur  analyzer  (Eltra  CS800). 

2.3.  Electrochemical  measurements 

The  electrochemical  performance  of  the  prepared  LiMnP04  was 
investigated  using  coin  cells  assembled  in  an  argon-filled  glove  box 
(SIMATIC  OP7,  MBRAUN).  The  cell  was  composed  of  a  lithium  anode 
and  a  cathode  that  was  a  mixture  of  prepared  LiMnP04  (70%),  Super 
P  Carbon  black  (20%)  and  polytetrafluroethylene  (PTFE)  (Dupont) 
(10%).  The  mixture  was  rolled  into  a  thin  sheet  with  uniform 
thickness  and  cut  into  10  mm  x  10  mm  sections  before  being 
pressed  into  an  aluminum  mesh.  Typical  loading  of  the  active 
material  was  approximately  10  mg  cm-2.  The  electrolyte  was  1  M 
LiPF6  dissolved  in  a  mixture  of  ethylene  carbonate  (EC)  and 
dimethyl  carbonate  (DMC)  (1:1  w/w),  and  Celgard  2300  was  used 
as  separator.  Electrochemical  (EIS)  measurements  were  performed 
on  a  CHI660  B  electrochemical  analysis  instrument.  The  charge- 
discharge  and  cycling  properties  were  evaluated  on  Land  CT 
2001 A  electrochemical  measurements  system  between  2.5  and 
4.5  V  at  various  rate  (1  C  =  140  mAh  g-1).  All  tests  were  performed 
at  room  temperature. 
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Fig.  1.  XRD  and  SEM  data  of  samples  with  different  lithium  salts  at  250  °C  for  12  h:  a)  C6H5COOLi,  b)  CH3COOLi,  c)  C5H7Li02.  Labeled  peaks  indicate  the  impurity  phase. 
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Fig.  4.  TEM  photos  of  LiMnP04  samples:  a),  b)  250  °C  15  h  for  C6H5COOLi,  c)  250  °C  15  h  for  CH3COOLi,  d)  270  °C  15  h  for  C5H7Li02. 


3.  Results  and  discussion 

3.1.  Material  identification 

Fig.  1  shows  XRD  data  of  the  samples  obtained  with  organic 
lithium  salts  at  250  °C  for  12  h.  As  expected,  highly  crystalline 
LiMnP04  product  was  formed,  but  some  impurities  were  found 
with  C6H5COOU  and  C5H7UO2.  The  labeled  peaks  indicate  these 
impurity  phases.  SEM  measurements  were  carried  out  on  the 
LiMnP04  samples,  and  the  photos  are  displayed  in  Fig.  1.  Powders 
obtained  with  CH3COOU  (Fig.  lb)  show  sheet-like,  randomly 
oriented  particles  with  length  less  than  1  pm,  consistent  with 
previous  studies  [18,22].  There  were  some  morphological 
changes  with  the  change  of  lithium  salt.  100  nm-sized  particles  in 
diameter  that  were  very  well-dispersed  could  be  observed  for 
C6H5COOLi  (Fig.  la).  Randomly  aggregated  sheet-like  particles 
were  also  obtained  with  CsHyLiC^  (Fig.  lc).  Hence,  lithium  salt  had 


a  significant  effect  on  the  morphology  of  LiMnPCH  obtained 
solvothermally. 

To  illustrate  the  effect  of  reaction  temperature,  the  solvothermal 
process  was  held  at  a  constant  270  °C  for  12  h.  Fig.  2  shows  the  XRD 
data,  which  is  similar  to  that  of  Fig.  1.  All  samples  showed  well- 
ordered,  olivine-structured  LiMnPCH,  and  impurities  were  also 
observed  for  C6H5COOLi  and  CsHyLiCh.  Some  morphological 
differences  compared  to  samples  obtained  at  250  °C  are  visible 
in  the  SEM  photos  shown  in  Fig.  2.  Samples  generated  with 
C6H5COOLi  and  CH3COOLi  were  sheet-like  particles  less  than  1  pm 
(Fig.  2a, b).  Conversely,  well-dispersed  100-nm-sized  particles  were 
obtained  for  CsHyLiC^  under  this  condition  (Fig.  2c). 

According  to  previous  studies,  the  phase  composition  of 
LiMnPCH  obtained  using  hydrothermal  methods  was  related  to  the 
reaction  time  and  temperature  [23].  Hence,  to  obtain  LiMnPCH 
without  any  impurities,  we  increased  the  reaction  duration  to  15  h 
at  250  °C  for  C6H5COOLi  and  270  °C  for  C5H7UO2.  The  XRD  and  SEM 
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Scheme  1.  Formation  mechanism  for  LiMnP04  with  C6H5COOLi. 
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Fig.  5.  SEM  data  of  LiMnP04/C  samples  with  varying  sucrose  concentration:  a)  20%,  b)  30%,  c)  40%  and  C6H5COOLi,  d)  20%,  e)  30%,  f)  40%  for  C5H7UO2. 


data  are  displayed  in  Fig.  3:  well-crystallized  LiMnP04  without  any 
impurities  were  obtained  under  this  condition  (Fig.  3a, c).  No 
obvious  adverse  morphological  effects  were  found  for  C6FI5COOU, 
and  the  particles  were  still  approximately  100  nm  (Fig.  3b). 
However,  slight  agglomeration  and  partial  plate-like  particles  were 
visible  for  C5H7UO2  (Fig.  3d). 

To  further  analyze  the  amount  of  Li,  Fe,  P  in  the  LiMnPCH  samples 
with  CeHsCOOLi  and  CsHyLiC^  as  precursors,  ICP-AAS  measurement 
was  employed.  The  Li  amount  was  determined  by  AAS  analysis,  and 
Fe  and  P  by  ICP  to  reveal  the  stoichiometric  atom  ratio  for  these  two 
samples.  Previous  literature  has  suggested  that  reaction  tempera¬ 
ture  and  time  play  a  critical  role  in  the  morphology  and  purity  of 
LiMnP04  samples  obtained  via  hydrothermal  methods.  Our  exper¬ 
iments  strongly  confirm  this  hypothesis.  In  addition,  we  suggest 
that  lithium  salts  are  also  a  vital  factor.  It  has  been  posited  that 
organic  solvent  would  a  better  medium  than  deionized  water  for 
solvothermal  treatment  due  to  its  higher  viscosity  and  boiling  point 
[24].  In  addition,  organic  lithium  salt  is  a  better  match  with  organic 
than  inorganic  media;  all  these  factors  explain  why  the  SEM  photos 
for  CeHsCOOLi  and  CsHyLiC^  display  superior  specimens. 

TEM  characterization  was  employed  to  judge  the  role  of  organic 
lithium  salt;  the  photos  are  displayed  in  Fig.  4  and  further  confirm 
the  primary  particle  morphology  of  the  samples.  Nano-sized  parti¬ 
cles  are  visible  for  the  CeH5COOLi  sample  (Fig.  4a).  A  distinct  carbon 
layer  can  even  be  observed  on  partial  particles  (Fig.  4b).  Plate-like 
particles  were  visible  for  samples  with  CH3COOLi  and  CsHyOOLi, 
consistent  with  SEM  data,  and  no  obvious  carbon  layer  was  visible 
(Fig.  4c, d).  Hence,  decomposition  of  benzoyloxy  provides  in  situ 
carbon  coating  during  solvothermal  treatment.  Scheme  1  illustrates 
this  mechanism  of  formation.  Due  to  the  good  polarity  matching  of 
benzoyloxy  in  EG  solvent,  benzoyloxy  adheres  to  the  originally 
formed  LiMnP04  particles.  Then,  under  high  temperature  and 
pressure,  the  amorphous  carbon  from  decomposed  benzoyloxy 
contributes  to  the  development  of  this  favorable  configuration. 

3.2.  Electrochemical  behavior  of  LiMnP04 

In  previous  studies,  LiMnPCU,  showed  almost  no  electro¬ 
chemical  behavior  without  doping  or  carbon  coating.  To  improve 
the  conductivity  and  crystallization  of  samples  obtained  using 


a  solvothermal  process,  we  selected  sucrose  as  a  carbon  source. 
LiMnP04  and  sucrose  were  milled  for  1  h  before  heat-treatment. 
Fig.  5  displays  the  resulting  SEM  photos:  a)— c)  and  d)-f)  were 
C6H5COOLi  and  CsHyLiC^,  respectively,  as  the  lithium  salt,  with 
a  sucrose  weight  ratio  of  9:1, 8:2, 7:3.  Notably,  the  samples  with  20% 
and  30%  sucrose  still  showed  nano-sized  morphologies.  Sucrose 
successfully  prevented  particle  growth  during  subsequent  calci¬ 
nation.  However,  when  40%  sucrose  was  added,  obvious  large 
particles  were  visible,  indicating  that  too  much  of  the  carbon  source 
destroys  the  pre-morphology  of  samples  and  can  even  lead  to 
agglomeration.  The  carbon  content  determined  by  the  carbon- 
sulfur  analyzer  was  shown  in  Table  1,  the  carbon  content  for  as- 
prepared  LiMnP04  with  C6H5COOLi  and  CsHyLiC^  was  about 
1.78%,  0.29%.  This  further  revealed  the  existence  of  in  situ  carbon 
developed  in  the  solvothermal  process.  After  subsequent  calcina¬ 
tion  with  sucrose,  the  carbon  content  raised  with  the  increasing 
amount  of  sucrose  used. 

To  analyze  the  lithium  diffusion  constant,  EIS  measurements 
were  performed.  All  Nyquist  plots  shown  in  Fig.  6a)  and  c)  are 
composed  of  a  semicircle  and  a  line  in  the  low-frequency  region. 
The  semicircle  is  related  to  the  charge  transfer  between  the  elec¬ 
trolyte  and  the  active  material.  The  straight  line  at  the  low 
frequency  is  attributed  to  the  diffusion  of  lithium  ions.  The  lithium 
diffusion  coefficient  D  in  the  electrode  can  be  calculated  using 
Equation  (1)  [25,26]. 

R2T2 

D  =  _ — - _  (1) 

2  A2n4F4C2a2 

where  T  is  the  room  absolute  temperature,  R  is  the  gas  constant,  A  is 
the  surface  area  of  the  electrode,  F  is  the  Faraday  constant,  n  is 
the  number  of  electrons  per  molecule  attending  the  electronic 


Table  1 

Carbon  content  for  LiMnP04  samples  before  and  after  heat-treatment  with  varying 
sucrose  concentrations. 


Solvothermal 

20%  sucrose 

30%  sucrose 

40%  sucrose 

C6H5COOLi 

1.78 

3.59 

4.93 

6.49 

C5H7UO2 

0.29 

2.24 

3.51 

4.78 
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Fig.  6.  Electrochemical  impedance  spectral  characterization  of  samples  in  an  open  circuit  and  graph  of  Z!  plotted  against  w  1:  a,  b)  C6H5COOLi:  c),  d)  C5H7Li02. 


Table  2 

Lithium  diffusion  constant  (cm2  s-1)  for  LiMnP04  samples  with  varying  sucrose 
concentrations. 


20%  sucrose 

30%  sucrose 

40%  sucrose 

C6H5COOLi 

C5H7Li02 

2.71  x  10-13 

5.44  x  10"14 

4.15  x  10"13 

1.40  x  10"13 

3.40  x  10"14 
1.45  x  10"14 

transfer  reaction,  and  C  is  the  concentration  of  lithium  ion  in 
the  LiMnP04  electrode.  The  plots  ofZre  against  are  in  Fig.  6  b) 
and  d),  according  to  Equation  (2),  and  a  is  the  slope  of  the  straight 
line. 


Z"  =  ffW1/2  (2) 

It  is  clear  that  the  Ret  for  samples  with  40%  sucrose  is  much 
larger  than  the  other  two  samples  due  to  the  agglomerated  parti¬ 
cles.  The  lithium  diffusion  coefficients  D  (cm2  S-1)  are  shown  in 
Table  2;  the  two  samples  with  30%  sucrose  clearly  give  the  best 
results,  and  we  therefore  conducted  the  subsequent  charge- 
discharge  characterization  on  these  two  samples. 

The  charge-discharge  plots  of  the  LiMnPC^/C  composite  as  the 
cathode  material  of  lithium  ion  battery  are  provided  in  Fig.  7a).  The 
test  was  conducted  at  0.1  C  over  a  voltage  range  of  2.5-4.5  V.  It  was 
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Fig.  7.  a)  Charge-discharge  curves  at  0.1  C;  b)  cycling  ability  at  1  C. 
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obvious  that  all  samples  showed  a  flat  voltage  at  approximately 
4.1  V,  indicating  a  two-phase  exchange  between  LiMnP04  and 
MnP04.  Previous  literature  examples  exhibited  a  sloping  curve  that 
may  be  caused  by  low  electronic  conductivity  [27].  The  initial 
discharge  capacity  for  C6H5COOU  and  C5H7OOU  was  130  mAh  g-1 
and  95  mAh  g-1,  respectively. 

Fig.  7b)  shows  the  cycling  ability  at  1  C  over  a  voltage  range  of 
2.5— 4.5  V.  The  initial  capacity  for  C6H5COOU  was  115  mAh  g-1,  and 
88%  of  this  capacity  was  retained  after  20  cycles.  Clearly,  the  elec¬ 
trochemical  performance  of  C5H7OOU  was  inferior  to  C6H5COOU. 
Hence,  in  situ  decomposed  carbon  connects  particles  in  an  elec¬ 
tronic  conductivity  net.  However,  the  Jahn-Teller-active  Mn3+  ion 
of  LiMnPCH  and  intrinsic  low  ionic  conductivity  had  an  adverse 
effect  on  cycling  stability.  Hence,  there  are  several  previous  studies 
on  hydrothermal/solvothermal  method  preparing  LiMnPCU  with 
cation  doping,  and  the  results  revealed  the  improvement  in  cycling 
and  rate  capability.  L.  J.  Gao  et  al.  illustrated  the  effect  of  copper 
doping  on  LiMnP04  prepared  via  hydrothermal  method.  It  sug¬ 
gested  2%  Cu  doped  LiMnPCH  displayed  highest  discharge  capacity 
of  121  mAh  g-1  at  0.1  C  and  highest  capacity  retention  of  94%  after 
20  cycles  [9].  Our  future  research  will  focus  on  improving  the 
electrochemical  performance  of  cation  doping  LiMnP04  via  this 
solvothermal  method. 

4.  Conclusion 

Nano-sized  LiMnP04  particles  can  be  prepared  via  a  hydro- 
thermal  method  with  organic  lithium  salt  as  the  starting  material. 
SEM  and  TEM  revealed  that  this  lithium  salt  is  the  best  match  with 
organic  solvent  to  control  particle  size.  Moreover,  the  decomposi¬ 
tion  of  C6H5COOU  develops  an  in  situ  carbon  layer  on  particles 
during  the  hydrothermal  process.  Through  subsequent  heat-treat¬ 
ment,  LiMnP04/C  with  C6H5COOU  showed  a  discharge  capacity  of 
130  mAh  g-1.  The  cycling  ability  for  this  material  can  likely  be 
improved  through  further  research. 
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